Background: Chemotherapy-induced alopecia (CIA) is a common side effect of cancer treatment with profound psychosocial repercussions. Several young (before day 14) and adult (after 3 weeks) murine models for CIA have been developed, yet no study thus far has compared these models. Young models are naturally synchronized in anagen while adult models require synchronization into anagen. Here, we compared the gross and histological features of the young versus adult models of CIA in pigmented rats. Additionally, we determined the effectiveness of heat shock treatment to prevent CIA; heat shock has not been tested before in pigmented young or adult rats.
Introduction
Alopecia is one of the most distressing and frequent side effects of many antineoplastic regimens. It is estimated that approximately 65% of patients treated with chemotherapy experience some degree of hair loss [1, 2] . Chemotherapy induced alopecia (CIA) is often reversible; however, cases of permanent alopecia have been reported [3] . In more than 60% of patients, initial regrown hair is of a different texture or color [3] . The psychological impact of CIA can be devastating, as it negatively affects a patient's self-esteem and removes one's health related confidentiality [4] [5] [6] [7] [8] . To date, no treatment has been found to reliably and completely prevent CIA in humans.
Most of what is known about the pathophysiology of CIA has been gained through experimentation with either young (corresponding to the first postnatal anagen) or adult (after the first postnatal anagen) murine models using alopecic chemotherapies. The young Sprague Dawley albino rat model of CIA was the first murine model to mimic the alopecic effect of chemotherapy [9] . Other models such as the adult depilated C57BL/6 mouse model [10] , the young C57BL/6 mouse model [11] , and the adult Long Evans pigmented rat model [12] were subsequently developed. Importantly, murine models also provide a means of testing prospective protective agents against CIA.
The hair follicle (HF) undergoes cycles of anagen, catagen, and telogen [1, 13] . Late anagen is further subdivided into six stages, the last of which is the time of most rapid growth, and consequently most susceptible to chemotherapy. In the human scalp, at any given time, about 90% of HFs are in anagen, and each follicle cycles autonomously [14, 15] . In murine models, as extrapolated from studies in C57BL/6 mice, all dorsal and ventral HFs on the trunk undergo synchronized growth until postnatal day 14 (P14) [16, 17] . After a short catagen, by P19-27, most pelage HFs are in telogen; only 10% are in anagen [10] . In subsequent hair cycles, HFs are no longer synchronized. Thus, to mimic the human scalp, chemotherapy is usually administered between P11 and P13 in the young murine models, and clipping or depilation is required in adult murine models for anagen synchronization prior to chemotherapy. The adult rat model is clipped during early telogen on P21 and chemotherapy is administered between P36 and 38 [12] .
In the rapidly expanding field of CIA, it is imperative to determine which models are most useful to readily screen multiple potential treatment modalities. A proper model is one that mimics human HFs reliably. In this study, we directly compared young and adult pigmented rat models of CIA. Additionally, we applied heat shock treatment in the pigmented young and adult rat models to compare the response.
Materials and Methods

Animals and induction of chemotherapy-induced alopecia
All animal care and use procedures were approved by the University 
Prevention of chemotherapy-induced alopecia in the young rat model
On P9, 80 rats were randomized into eight groups of 10. The first four groups, a~d, received heat shock treatment prior to chemotherapy, as described [11] with modifications. Briefly, heat was applied to the dorsal skin using a copper cylinder, which circulated heated water at 48°C for 20 minutes [11] . Subsequently, Groups a~d received chemotherapy as follows: (a) etoposide; (b) cyclophosphamide; (c) normal saline; and (d) not injected (reference for weight and histopathology, analyzed on P11). The last four groups of rats, Groups 1~4, were not treated with heat shock but were similarly injected (Table 1) . Group 4 was analyzed on P13.
Prevention of chemotherapy-induced alopecia in the adult rat model
One-hundred and twenty weaning rats were randomized into twelve groups of 10 on P21. Four of these groups (A~D) were clipped on the dorsum, and on P34 they received heat shock treatment as described above for young rats. Subsequently, they received chemotherapy as follows: (A) etoposide; (B) cyclophosphamide; (C) normal saline; (D) no injection (used as reference for weight and histology, analyzed on P36).
The last eight groups (I~VIII) did not receive heat shock treatment. Some groups were clipped on P21 and others went unclipped; and were subsequently injected with chemotherapy ( and analyzed using Fisher's exact test; loss of >90% pelage hair was considered "total alopecia." Dorsal skin biopsies were collected for histological analysis. Rats that did not receive chemotherapy or saline injections served as negative controls to their counterparts receiving chemotherapy to verify hair cycle stage.
Dorsal skin biopsies were collected and fixed in 10% formalin, dehydrated and embedded in paraffin wax, and sectioned at 5 μm. Hematoxylin and eosin staining was performed.
To analyze HSP1A1 (HSP70i) expression by immunohistochemistry, sections were incubated with mouse monoclonal anti-HSP70 antibody SPA-810 (Assay Designs, Ann Arbor, MI, USA), horse anti-mouse IgG biotinylated antibody (Vector Laboratories), and horseradish peroxidase avidin complex (Vector Laboratories), after heat-induced epitope retrieval. Signal was detected via incubation with H 2 O 2 and 3,3'-diaminobenzidine. Counterstaining was performed with Mayer's hematoxylin. Images were captured using an Observer D1 microscope using 4x and 10x objectives (Carl Zeiss Microimaging Inc., Thornwood, NY, USA). Relative HSP level was measured using Western densitometry as previously described [18] .
Results
Effects of etoposide and cyclophosphamide on hair follicles in the young rat vs. adult rat
Alopecia was observed in both the young rats and the clipped adult rats that were treated with chemotherapy. All young rats injected with either etoposide (a topoisomerase inhibitor) (Group 1) (Figure 1a) or cyclophosphamide (an alkylating agent)(Group 2) developed total body alopecia (except for vibrissae, some facial hair, and hair on the front paws) by 10 days post-chemotherapy (Table 1) . All clipped adult injected with either etoposide (Group I) (Figure 1c) or cyclophosphamide (Group III) developed alopecia by 10 days after chemotherapy, localized to the clipped areas (Table 2 ). In unclipped adult rats, no hair loss was observed after injection with etoposide (Group II) or cyclophosphamide (Group IV) (p<<0.01) ( Table 2 ). In both the young and adult models, no obvious hair loss was observed in the saline-injected (Groups 3, V) (Figure 1b, Figure 1d ) and noninjected groups (Groups 4, VII) (p<<0.01) (Tables 1 and 2 ). These results are consistent with our previous studies [12] .
HFs from non-injected young (Group 4) and adult (Groups VII and VIII) rats were assessed histologically to determine the hair cycle stage at the time of chemotherapy administration. In both young and clipped adult rats, HFs were found to be in anagen VI ( Figure  2a, Figure 2b ). In contrast, HFs from unclipped rats on P38 were predominantly in anagen V (data not shown) [15] .
Histological analysis was performed 10 days after chemotherapy to compare the HF response of young versus adult models of CIA. Skin obtained from rats from both models showed similar shortening of HFs and ectopic melanin granule accumulation (Figure 2c, Figure  2d ), consistent with dystrophic catagen [15] . Additionally, only fragments of the hair shafts remain in the aberrantly widened hair canals. Extensive follicular deformation was noted. Furthermore, in both models, evident epidermal hyperplasia was observed in response to chemotherapy. Pictures were taken at the time corresponding rats were receiving chemotherapy. Arrows point to whether hair shaft has penetrated or not, which is used to determine whether the HF is in anagen VI. (c) Dorsal skin biopsies 10 days after etoposide-injection in the young rat and the (d) Clipped adult. Arrows point to HF dystrophy. (e) Dorsal skin biopsies 10 days after etoposide-injection in young and (f) Clipped adult rats that had received heat shock therapy prior to chemotherapy.
Protection of anagen hair follicles against chemotherapyinduced alopecia
Similar to our previous observations in the young and adult mouse models [11] , topical heat preconditioning was found to confer HF protection against CIA in both the young and adult rat models ( Table 1, Table 2 ). The effects of heat shock treatment were similar in both models. Macroscopically, both heat-treated models showed protection from CIA; in other words, both demonstrated preservation of body hair. Microscopically, both young and adult heat-treated models displayed abundant HSPA1A (HSP70) staining in the HFs and epidermis at the time of chemotherapy administration, as anticipated (Figure 3b, Figure 3d ). Relative HSP levels were as follows: young heat-treated: 2.9+/-0.1 IOD; young control: 1.0+/-0.02 integrated optical density units (IOD) [18] ; adult heat-treated: 3.1+/-0.22 IOD; adult control: 0.9+/-0.1 IOD. Baseline HSPA1A expression was detected in the epidermis of the young control rat (Group 4) (Figure 3a) , as observed before [11] , but was not detected in the adult control rat skin (Figure 3c ).
Discussion
We have established the gross and histological equivalence of the young and adult Long Evans rat models in response to etoposide and cyclophosphamide chemotherapy. We have also established gross and histological equivalence of the models in response to heat shock treatment, a therapy previously shown to protect from CIA [11, 12] . Grossly, we observed that both models develop alopecia after administration of chemotherapy; however, they differ from each other in the pattern of alopecia, as we have previously observed [12] .
Page -05 The young model developed total body alopecia while the adult model developed circumscribed alopecia corresponding to the clipped area.
Histologically, at the time of chemotherapy administration, HFs in both young and adult rat models were similar in appearance. Both young and clipped adult rats contain follicles predominantly in anagen VI, based on criteria by Hendrix et al. [17] . This provides evidence that HFs in young and adult models are equally susceptible to alopecic chemotherapy. After administration of chemotherapy, HF in both the young and adult pigmented rats exhibited the dystrophic catagen response [10, 17, 19] . Our results show that cyclophosphamide, as well as etoposide, have a similar effect in pigmented rat HFs as they do in adult mouse HFs.
In addition, after administration of heat shock two days prior to chemotherapy, both young and adult rats demonstrate significant, comparable, and consistent protection from etoposide-induced and cyclophosphamide-induced alopecia. Heat shock treatment activates an intracellular stress protein (Hsp) response that protects cells within the hair follicle from the cytotoxic effects of chemotherapy [11] . Heat shock was found to locally activate the stress protein response in noncancerous tissues without interfering with antineoplastic activity of chemotherapy in cancer cells [11] .
Both models are useful in approximating the clinical and histological response of human scalp HFs to alopecic chemotherapy. In patients who develop CIA, proliferation of matrix cells in the bulb ceases abruptly and the hair shaft narrows and eventually breaks, leading to hair shedding, or effluvium, within 1-3 weeks after initial administration of chemotherapy [1] . Additionally, human HFs are pigmented, as are HFs in both the young and adult rat models used in this study; thereby, pigmented murine models offer an advantage over albino models in mimicking the human scalp.
The young model does not require manual induction of anagen, and it produces total body alopecia. A total body alopecic response is simpler to evaluate. Furthermore, because almost all (90%) of human scalp HFs are in anagen at any given time, a total body alopecia better mimics the clinical appearance of CIA. Additionally, because the young model is synchronized in anagen for 14 days, it provides a wider window of treatment for protective compounds than the adult model. Lastly, the young rat is susceptible to transplantable Shay's : Relative HSP levels after heat shock therapy in young and adult rat models Relative HSP levels in IOD units for control and heat-treated groups in the young and adult rat models 48 hours after heat shock.
Chloroleukemia which induces chloromas and leukemias; this allows testing of whether the compound in question will have an effect on the efficacy of chemotherapy [9] .
